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High-Order Surface Gradient Coil Design
Using Target Field Approach

J.K. Lee*, Y.J. Yang*, S.T. Jeong**, H.J. Choi*, Z.H. Cho**, C.H. Oh*

= Abstract=

The purpose of this paper is to design high-order (or radial) surface gradient coil (SGC), which can
provide multi-dimensional spatial selection. Although the spatial Selection with High-Order gradienT
(SHOT) can provide a 2-D selection with only one selective RF pulse, the high-order gradient pro-
duced by conventional cylindrical-shape coils has not been clinically useful due to the large selection
size caused by the limited radial gradient intensity. However, by using the proposed high-order SGCs
located near the imaging region, the size of volume selection can be reduced to a clinically useful size
of 1~2 cm in diameter by applying stronger radial gradient field with much less gradient driving
power. So far radial SGCs have been designed by using the field component method and may cause
distortion in the selection shapes. In this paper, by using the target field approach for the coil design,
selected volumes became almost circular. A 40 cm~by-40 cm z’-surface gradient coil has been designed
and implemented by using the target field approach. Phantom and volunteer studies have been per-
formed. Experimental results using spatially localized MRI show good  agreement to the theoretically

predicted behavior.
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INTRODUCTION

Since high-order magnetic field gradients can pro-
vide multi-dimensional selection with only one selec-
tive RF pulse (SHOT: Selection with High-Order
GradienT), they are useful for spatial selection for lo-
calized volume spectroscopy or imaging"?. By using a
radial gradient field to select a volume in two direc-
tions or more, one can achieve a 3-dimensional selec-
tion with only one or two selective RF pulses which
leads to many advantages in spatial localization for
MRS and MRI, for example, shorter minimum echo

time and less selection artifact. However, due to the

Selection with High—Order gradienT

necessity of too much driving power to generate prop-
er gradient intensity, its application has been limited
to small-bore animal systems’® or, to the selection of
unreasonably large volume in case of large-bore
systems, which is clinically not useful®. To overcome
this problem, the use of Surface Gradient Coils (SGC)
designed using field component method has been pro-
posedV. The advantages of using SHOT using SGCs
are.

(1) A 3-D selection can be achieved by using only
After dumb-

bell-shaped volume is selected by a 90° excita-

two selective RF pluses. a

tion RF pulse applied with the radial gradient,
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the z-directional selection is performed by only
one more selective RF pulse applied with a
z-gradient (See Fig. 1 for a 3-D selection proc-
ess.).
(2) Compared to the cylindrical r? gradient coil for
a whole-body system where more than 130
Amp. (more than 10 kWatt of instantaneous
power) was needed to select a 8-cm-diameter
circular volume (radial direction selection)¥, 1
to 4-cm-diameter region can be selected with
less gradient driving power (less than 10
Watt).

There are two methods in coil design, that is, the
target field approach and the field component method®
‘D, In the target field approach®, specific points are
set to have specific field intensities, and in the field
component method”, a specific field component is set
to a certain non-zero value, while other components
to be removed are set to zero. For cylindrical gradi-
ent coil design, the field component method usually
gives resonable result due to its symmetry”. In case
of the surface gradient coil, however, due to the diffi-
culties in choosing the field components for field opti-
mization, selected volumes usually have distortions in
the selection shapes. If the field pattern of the coil is
simple, it is not difficult to choose the field com-
ponents. However, if the field pattern is complicated
as the case of high-order gradient, it is very difficult

to choose the field components. To overcome this

Slice Selected

with z—Gr;i,dient Volume Selected by a
« Radial Gradient

/

. /

Surface RF Coil
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Fig. 1. 3-D selection process using the high-order (r?)
SGC. After a radial dumbbell-shaped volume is selected by
applying a selective RF pulse with a radial gradient, the
gping in the z directional slice are selectively refocused by
a 180° selective RF pulse
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problem, a better radial gradient surface coil design
scheme using target field approach method is pro-
posed in this paper. According to the simulation and
experimental results, the field pattern produced by
the designed coil appears to have an almost-ideal cir-

cular shape.

METHOD

The r? (or radial) SGC is designed by using the
target field approach as follows:
(1) X-directional current elements of 400 positions
on xz-plane covering the area of 40 cm x40 cm
square plane were selected for optimization. A matrix
form of magnetic field at target field positions, G, is
obtained. At five target field positions of (0.0, 0.0, 0.
0), (0.0, £2.0, 0.0), (£2.0, 0.0, 0.0) in the rectangu-
lar coordinate (unit:cm), target field values are cho-
sen as, 0, 1.0, 1.0, 1.0, 1.0 (unit:Gauss), respectively.
From the Biot-Savart law, the z-directional magnetic
induction at (x, y, z) from an x-directional current
element at (x¢, yo Zo) 1S
ok, v

B =
4

(1)

((x~xn)z+ (y*yo)2+(z—20)2) :

where t4is the permeability of the free space, [ is
the x directional current, and A4, is the length of the
current element.

(2) The optimal 2-D current distribution is ob-
tained by minimizing the cost & = 7, where 7 is a
column vector for the current distribution(for both
x-and z—directional currents), while satisfying the fol-

lowing two conditions.

(a) G 7 = L This condition is required to set the
z—direction field at target field positions to de-
sired magnetic induction values. Here, G is the
magnetic fileld induction at each target field
position from each of the current elements as
a matrix form and { = [0.0, 1.0, 1.0, 1.0, 1.0]-
Y4

current continuity®. Both x- and z-directional

(b)

-7 = 0. This condition is required for the

currents are considered in this constraint. In

our simulation, eight outward current elements



J. K. Lee, et al : High-Order Surface Gradient Coil Design Using Target Field Approach

Al I3
i2 - I i4
“ >
/
,/ *,
/ \".
// \
- SR
\ ,,
N //
< >
16 . N o ’ 18

Fig. 2. Eight current elements going out of 4 adjacent lo-
cations. The sum of these elements are set to zero for
current continuity

are selected for every set of four adjacent loca-
tions as shown in Fig. 2 and the sum of the cur-

rents is set to zero.

(a)

Fig. 3. The high-order SGC for r’ gradient generation

The above two conditions are combined and written
as a matrix form, that is, Vi = L Then the solution

becomes

i= N'[NN']" L

RESULTS AND DISCUSSION

An r? - SGC has been designed by using the pro-
posed design method. The coil has been constructed
and used on the 2.0-Tesla MRI system at KAIST.
Fig. 3(a) shows the wire layout of an r>-SGC de-
signed for a size of 40 cm X 40 cm and the assumed
coil position is 9cm below the Imaging center. The
specifications of the coil designed by using the target
field approach method are as follows: (1) Series
resistance (Rs): 0.2702 (2) Series inductance (Ls):
82.05.H (Measured by using HP 4284A LCR meter
with 1V input voltage and 1kHz frequency), and (3)
Radial gradient strength : 0.25G/cni/50A at the cen-
ter of imaging region. The picture of the constructed
coil is shown in Fig. 3(b). From a 50-Ampere cur-

(b)

(a) The schematics of the SGC showing the wire layout .
(b) The photograph of the r? SGC constructed according to the wire layout shown in (a). The wire has a
2.0mm-diameter cross-section and epoxy is used to form the coll. To make the field intensity stronger,

the wire was wound twice
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Fig. 4. The z-drectional magnetic—field maps calculated
from the current distribution in Fig. 3. A current flow of
50 A was assumed for the calculation. The x-y— and y-z-
plane field map are shown in (a) and (b), respectively

rent, about a l-cm-diameter volume can be selected.
The z-directional field intensity maps from the wire
layout in x-y and y-z planes are shown in Fig. 4(a)
and (b), respectively. As expected, an almost-ideal
radial field change is seen around y = 9 cm in Fig. 4
(a).

The selection method using the high-order SGC has

been tested by implementing for volume selected im-
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Fig. 5. The RF and gradient pulse sequences for the vol-
ume-selective MRl using the proposed high-order SGC.
This pulse sequence can be easily changed for spatially se-
lective MRS by removing the spatial encoding and read
gradients

Fig. 6. Phantom (top) and volunteer brain (bottom) imag-
es obtained with the proposed localization technique using
the r? SGC. The selection locations of the images on the
right are shown on the left

aging. The RF and gradient pulse sequences are
shown in Fig. 5. Phantom and volunteer head imag-
ing has been performed. As an example, some repre-
sentative images are shown in Fig. 6. The selection
locations of the images on the right are shown on
the left. As expected, isolated circular regions are se-

lected.
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The above RF and gradient pulse sequences can be
easily modified for Localized Magnetic Resonance
Spectroscopy (LMRS) or Chemical Shift Imaging
(CSI) by removing the read gradient and adding
more encoding gradients.
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